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TRANSFERENCE  NUMBERS  OF  SODIUM  AND  POTASSIUM 
IN  MIXED  CHLORIDE  SOLUTION 

A.  Introduction 

1.  The  Purpose  of  the  Investigation. 

T.  R.  Ball  (1)  has  found  in  a  study  of  equilibria  between 
mixed  salt  solutions  and  liquid  amalgams,  that  in  the  case  of  equiv- 
alent mixtures  of  NaCl  and  KC1  in  aqueous  solution,  the  simple  ion 
fraction  of  potassium  falls  off  with  increase  of  total  salt  concen- 
tration.   The  same  conclusion  has  been  reached  in  other  work  of  sim- 
ilar nature  which  has  been  oarried  on  in  this  laboratory  under  Dr.  G. 
Mc  P.  Smith.    Ball  suggests  the  possibility  of  the  formation  of  com- 
plex ions  in  explaining  his  results,  and  further  suggests  that  "trans- 
ference experiments  would  probably  throw  additional  light  upon  this 
subj  ectM. 

Consequently  this  investigation  was  undertaken  with  the  pur- 
pose of  obtaining  relations  between  transference  numbers  of  Na  and  K 
in  equivalent  mixtures  of  their  ohlorides,  the  effect  of  varying  the 
concentration,  and  a  comparison  with  results  calculated  on  the  basis 
of  the  isohydric  principle  and  the  principles  of  conductance. 

2.  Some  Principles  Relating  to  Transference  and  Ionization  of  Salts 
in  Mixtures, 

According  to  the  theories  of  transference  (2)  the  passage 
of  a  current  through  a  solution  of  an  electrolyte  is  effected  by  the 
migration  of  the  positive  and  negative  ions  under  the  influence  of 
the  P.  D.  set  up  between  the  electrodes,  and  their  subsequent  carry- 
ing  and  releasing  of  ionic  charges  upon  the  respective  electrodes  of 

opposite  electrio  character.     In  this  manner  anions  oontinually 
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migrate  into  the  anode  portion,  and  cations  into  the  cathode  portion, 

G.  M.  J,  McKay  (3)  by  the  use  of  transference  experiments 
vn  mixed  solutions  of  KC1  and  K2S0H.,  0.2009  N  with  respect  to  each, 
has  shown  that  the  ratio  of  the  ionization  factors  of  the  two  salts 
in  the  mixture  is  1,372,  whereas  the  ratio  as  calculated  from  the  con- 
iuctance  of  the  solution  and  the  isohydric  principle  is  I.275.  And 
in  general,  principles  based  on  conductivity  do  not  yield  values  in 
agreement  with  those  obtained  by  other  methods. 

In  this  investigation,  in  which  two  kinds  of  cations  are 
present,  the  respective  amounts  of  those  two  ions  migrating  to  the 
cathode  will  depend  upon  their  respective  concentrations  and  mobili- 
ties.   And  if  each  salt  ionizes  in  the  mixture  just  as  it  would  in  its 
simple  solution  at  that  same  total  concentration  of  common  ion  (CI"), 
-  aocording  to  the  isohydric  principle  (2),-  then  the  ratio  of  the  ion 
migrations  should  correspond  to  values  calculated  on  the  basis  of  that 
principle,-  assuming  that  the  ratio  of  the  ion  mobilities  in  the  mix- 
ture is  the  same  as  their  ratio  in  simple  solutions  at  same  total  salt 
concentration. 

On  the  other  hand  any  complex  ion  which  might  form  contain- 
ing quantities  of  both  Na  and  K  in  the  same  aggregate,  and  possessing 
an  individual  mobility  and  ionic  oharacter,  would  oause  an  abnormal 
transference  of  those  two  elements,  in  the  light  of  the  above  consid- 
erations.   Many  examples  of  double  salts  are  known  in  which  the  alkali 
halides  appear,  such  as  K2PtCl£,  KCl«Mg  C]g6H20,  Na-jAlF^,  2NaCl«Al2ci6 
the  KI  complexes  with  the  iodides  of  Od,  Hg,  Zn,  and  Bi,  etc.  Also 
unstable  complexes  are  known  to  exist  in  solution,  suoh  as  KIj.    It  is 
therefore  not  altogether  rash  to  expect  that  the  alkali  halides  form 
complexes  with  each  other  in  solution,  especially  as  their  ions  are 


known  to  be  hydrated  . 

B.  Theoretical 

If  the  KC1  and  NaCl  ionize  in  their  mixed  solutions  as  they 
do  in  simple  solutions,  three  kinds  of  ions  will  be  engaged  in  carry- 
ing the  electricity  in  a  transference  experiment,  and  the  sum  of  the 
amounts  each  carries  must  equal  the  total  amount  of  electrioity  passed 
through  the  solution*    That  is,- 

Ne  -  %  +  V  NC1  W 
where  NQ  represents  the  total  number  of  equivalents  of  electricity 

passed,  and  the  others  the  respective  amounts  carried  by  each  kind  of 

ion.    The  transference  number  of  an  ion  is  the  fraotion  of  the  total 

amount  of  electricity  passed  which  is  carried  by  that  ion,  that  is,- 

NNa         .  m  NK 
Twa  «   — »  and  Tw-  ■   — ■ ,  etc,  (2) 

Ne  Ne 

From  this  we  may  directly  obtain  the  ratio,- 

TNa  %a 


TK  % 


(3) 


Furthermore  the  amount  of  electricity  carried  by  each  kind 
of  ion  is  proportional  to  the  concentration  of  that  ion  and  its  mo- 
bility, and  the  latter  is  in  turn  proportional  to  the  equivalent  con- 
ductance of  the  ion  (2).    That  is,- 

%a  *  *  0Na+  '  %a+  -      CNa+  •  A  Na+  (k) 
Substituting  this  expression  and  a  similar  one  for  in 
equation  (3),  and  expressing  the  ion  concentration  by  the  product  of 
the  salt  concentration  into  the  ionization  factor,  we  obtain,  the 
ratio,- 
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TNa     CNaCl *  01  NaCl 'A  Na+ 
TK       CKC1  '^KCl  -A"? 

In  the  above  equation  the  left  hand  part  may  be  obtained 

part 

directly  from  the  experimental  data,  and  the  right  handAmay  be  solved 
by  the  use  of  conductance  data  from  simple  solutions  corresponding  to 
the  total  salt  concentration  of  the  mixture  in  accordance  with  the 
isohydrio  principle.     If  we  assume  CX"A//\0  »  and  as  the  concentra- 
tions of  the  two  salts  in  the  mixture  were  the  same  in  each  case, 
equation  (5)  may  be  expressed  for  the  purposes  of  this  work,- 

TNa    A  Nad  /A. 

 as   (6) 

TK     ^KCl    / A0  KC1  «Ak  + 

Since  equivalent  ion  conductances  are  known  only  at  infinite 
dilution,  it  is  necessary  to  assume,  as  McKay  does  (3),  that  the  ratio 
of  these  values  for  sodium  and  potassium  ions  is  the  same  as  at  infi- 
nite dilution.  Also  as  Wa3hburn  (2)  and  McKay  (3)  both  observe  that 
in  the  case  of  two  strong  electrolytes  in  a  mixed  solution,  ionization 
calculations  based  on  total  salt  concentration  agree  quite  closely 
with  those  based  on  the  common  ion  concentration,  the  former  will  be 
used  in  calculations*  As  viscosity  corrections  would  be  applied 
alike  to  numerator  and  denominator,  they  will  be  omitted. 

C.  Materials,  Apparatus  and  Method  of  Experimentation. 

1.  Materials.**  (a)  Sodium  and  Potassium  Chlorides. 

A  supply  of  these  salts  were  on  hand,  having  been  prepared 
by  others  during  the  previous  year  for  the  same  purpose.    They  were 
prepared  by  precipitating  a  good  commercial  grade  of  the  salts  in 
aqueous  solution  with  HC1  gas  two  times,  oentrifuging  and  drying  in 
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an  electrio  muffle  at  about  750°  C.     They  were  stored  in  glass  stop- 
pered bottles,  and  again  dried  in  the  muffle  in  quantities  as  used. 

(b)  Couloraeter  Materials,*-  15  grams  of  crystalline  C.  P.  Ag  NO-j 
were  dissolved  in  150  c.c.  of  distilled  water  shortly  before  using, 
Thi3  amount  of  solution  just  conveniently  filled  both  coulometers, 

A  pure  grade  of  silver  (99.9$  fine)  was  very  kindly  supplied 
by  Dr.  D.  F.  MoFarland  for  anodes.     The  silver  was  melted  on  a  bone 
ash  cupel  by  means  of  a  blast  lamp.    A  piece  of  heavy  silver  wire  was 
inserted  into  the  molten  silver  button,  and  the  mass  allowed  to 
solidify. 

A  weighed  Pt  dish  was  used  as  a  cathode. 

(c)  Silver  Chloride  for  Cathode.*-  The  AgNO^  solution  from  the 
oouloraeters  used  in  the  previous  run  was  kept  in  a  dark  place  to  be 
used  in  preparation  of  Ag  CI  far  the  succeeding  run.     It  was  filtered, 
heated  to  boiling,  and  preoipitated  with  a  hot  solution  of  a  little 
more  than  theoretical  amount  of  NaCl.    The  adherent,  pasty  precipitate 
was  finely  disintegrated  with  a  glass  spatula,  washed  by  decantation 
two  or  three  times,  and  finally  transferred  to  a  filter  and  thorough- 
ly washed.    The  precipitate  was  then  washed  with  some  of  the  stock 
solution  of  mixed  chlorides  and  transferred  to  the  apparatus.  Accord- 
ing to  Washburn  (5),  "It  has  been  found  that  the  physical  oondition  of 
the  Ag  CI  plays  an  important  part   •     If  it  is  prepared  by  precipi- 
tating in  the  oold,  it  fails  to  act  as  a  depolarizer." 

(d)  The  Anode.-  The  anode  was  prepared  essentially  as  the  "Type  B 
Anode"  described  by  Washburn  (5)  for  use  in  transference  experiments. 
A  coil  of  silver  wire  was  wound  to  fit  inside  of  a  small  size  Soxhlet 
extraction  oartridge*    The  remaining  space  was  packed  with  crystals 

of  electrolytic  silver  obtained  from  the  coulometer  deposits,  and  the 
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oup  pieroed  in  several  places  with  a  needle, 

2,  Apparatus  and  Method  of  Experimentation, - 

(a)  Apparatus,-  The  same  apparatus  was  used  as  E.  W,  Washburn 
has  used  and  fully  described  (5)  for  the  measurement  of  transference 
numbers.    The  special  ooulometer  stands  were  equipped  with  a  glass 
rod  support, 

(b)  Method  of  Manipulation.-  Essentially  the  same  procedure  was 
followed  as  described  by  Washburn  (5),    The  solution  of  salts  was 
prepared  by  weighing  out  the  theoretical  amounts  of  the  two  dried 
salts,  dissolving  in  distilled  water,  and  transferring  quantitatively 
to  a  tared,  standardized,  volumetric  flask.    After  being  made  up  to 
volume  the  entire  was  weighed  to  the  nearest  milligram,  from  which 
the  "equivalents  per  100  g,  of*  water"  was  obtained. 

An  impressed  E.  M.  F.  of  20  volts  was  used,  and  a  ourrent 
of  20-40  milliamperes.  A  coulometer  was  included  in  the  circuit  at 
both  ends  of  the  apparatus. 

The  three  middle  portions  were  weighed  in  a  tared,  stand- 
ardized 100  o.c,  volumetric  flask  (250  c.o,  at  the  highest  concentra- 
tion used) ,  made  up  to  volume  and  transferred  to  a  clean,  dry,  glass- 
stoppered  Earlenmeyer  flask.    The  end  portions  were  weighed  to  the 
nearest  milligram  in  the  apparatus,  and  later  transferred  to  the 
volumetric  flask  and  made  up  to  volume.    This  was  done  in  order  to 
facilitate  the  matter  of  taking  samples  for  analysis,  as  10  o,c,  por- 
tions oould  be  taken  with  a  standardized  pipette. 

(c)  Pipette,  Burettes,  and  Weights,-  A.  U.  S,  Bureau  of  Standards 
10  0,0.  pipette  was  used  for  taking  samples;  it  was  cleaned  with 
cleaning  solution,  thoroughly  rinsed  with  distilled  water,  and  subse- 
quently with  small  portions  of  the  solution  for  analysis. 
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The  burettes  were  also  standardized  and  had  a  capacity  of 
pO  c.c.,  reading  approximately  to  0.01  c.o.  in  accuracy. 

The  weights  were  calibrated  against  a  set  of  standard 
weights,  and  the  proper  corrections  were  applied  to  all  weights  of 
salts  for  the  solutions  and  to  all  analytical  weighings* 

(d)  Thermostat.-  A  large  Freas  thermostat  electrically  controlled 
was  filled  with  water  to  a  depth  sufficient  to  cover  the  horizontal 
section  of  the  apparatus.    The  temperature  was  accurate  to  les3  than 
a  tenth  of  a  degree  and  constant  to  les3  than  one  hundredth  of  a 
degree. 

3.  Analysis  and  Calculations.- 

(a)  Analysis.-  Duplicate  samples  from  the  end  portions  and  one 
from  each  of  the  three  middle  portions  were  transferred  to  small 
porcelain  evaporating  dishes  for  a  sodium  -  potassium  determination. 
At  the  same  time  an  entire  duplicate  set  of  samples  was  transferred 
to  Jena  glass  beakers  (600  c.c.  oapacity)  for  a  Volhard  volumetric 
determination  of  chlorine. 

For  the  Volhard  titration  the  samples  were  diluted  with 
100  c.c.  distilled  water,  six  or  seven  drops  of  cone.  HNO^  added,  the 
CI  precipitated  with  an  excess  of  N/10  AgNOj  (standardized  against 
jpure  NaCl),  filtered,  and  the  filtrate  titrated  with  N/20  KCNS,  with 
ferric  alum  as  an  indicator.     This  analysis  was  used  merely  as  a 
check  on  the  total  equivalents  of  salt  as  found  by  the  ohlorplatinate 
method. 

The  sodium  -  potassium  determination  was  oarried  out  by  the 
ohlorplatinate  method  as  desoribed  by  Ball  (1),  with  the  exception 
that  methyl  alcohol  (redistilled  on  a  steam  bath)  was  used  instead  of 
ethyl  alcohol  as  a  separating  medium.    Care  was  taken  to  allow  the 
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last  traces  of  the  methyl  alcohol  to  evaporate,  however,  "before  wash- 
ing down  the  filter  with  hot  water  and  evaporating  on  the  steam  bath, 
as  the  alcohol  exerts  a  strong  reducing  effect  on  the  platinum  salts 
when  heated.    The  chlorplatinic  acid  was  also  prepared  as  described 
by  Ball, 

(b)  Calculations.*-  The  factor  0,3056  was  applied  to  the  weight 
of  the  K2PtCl£  "to  obtain  the  weight  of  KClj  the  Na  CI  was  determined 
by  difference  from  the  weight  of  the  mixed  chlorides.    The  weight  of 
water  in  the  portion  was  found  by  subtracting  the  weight  of  the  mixed 
chlorides  from  the  weight  of  the  portion.    Knowing  the  number  of 
equivalents  of  each  salt  originally  dissolved  in  that  weight  of  water, 
we  can  determine  how  much  of  each  salt  has  been  transferred  from  the 
anode  and  to  the  cathode.    The  number  of  equivalents  of  each  cation 
transferred  divided  by  the  average  deposit  of  silver  (in  equivalents) 
in  the  two  coulometers  give  the  transference  numbers  of  those  ions. 
The  atomic  weights  used  are,  Na  «  23. 0;  K  ■  39«1;  CI  *  35«^6;  and 
Ag  ■  107,88. 

D,  Experimental  Data 

The  following  tables  contain  the  experimental  data  obtained 
in  this  investigation,  and  are  for  the  most  part  self  explanatory, 
the  number  of  equivalents  of  each  salt  found  by  the  chlorplatinate 
analysis  were  added,  and  the  sum  compared  with  the  result  obtained  by 
the  Volhard  titration  as  means  of  a  check.    The  basis  for  comparison 
with  calculated,  or  theoretical  data  is  in  the  ratio,  TNa/TK,  as  shown 
in  equation  (6)  in  the  theoretical  part.    Conductance  data  of  reliable 
character  covering  the  range  of  concentration,  and  at  the  temperature 
used  were  difficult  to  find.    However,  values  for  A  determined  by 
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Kohlrausch  at  18°  C.  (Landolt  -  Bbrnstein  -  Meyerhoff  Tabellen)  were 
corrected  to  250  C. ,  and  the  values  desired  were  obtained  by  careful 
graphical  interpolation. 

No  explanation  can  at  this  time  be  offered  for  the  nonoon- 
cordant  results  between  the  anode  and  cathode  portions.    As  the  anode 
results  show  by  far  the  more  consistent  behavior,  only  they  will  be 
used  for  comparative  data.    The  averages  of  the  anode  ratios  at  each 
concentration  (with  the  exception  that  the  one  obviously  low  value, 
O.636,  in  Table  IV  was  thrown  out)  are  tabulated  below  with  the  cor- 
responding theoretical  values, 

TABLE  VI 

Comparison  of  the  Experimental  and  Theoretical 
Values  of  the  Ratio  Tfla  /  Tj[ 

Concentration  (total)  0. 2N  O.^N 

Average  anode  ratios  O.673  Q.663 

Theoretical  ratios  O.665  O.65I 

E.  Discussion  of  Results 

A  graphical  representation  of  Table  VI  (Figure  1)  illustrate  1 
the  comparative  tendencies  of  the  two  sets  of  ratios.     It  will  be  aeen 
that  the  experimental  ratio  is  always  higher  than  the  theoretical,  and] 
that  the  difference  increases  roughly  as  a  simple  function  of  the  con- 
centration. 

These  results  indicate  that  more  sodium  was  transferred 
thaa  theory  would  call  for,  and  that  the  "excess"  increases  with  con- 
centration.    In  other  words  the  sodium  gains  "transference  advantage" 
with  increase  of  concentration.    Such  an  "advantage"  may  be  due  to  the 
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following  possible  causes,-  (1)  a  direct  increase  of  the  simple  3odiun 
ion  fraction,  (2)  a  relative  increase  of  the  sodium  ion  mobility,  (3) 
the  entrance  of  sodium  in  superior  amounts  into  positive  aggregates, 
and  (k)  a  "back  transference"  of  potassium  in  the  form  of  a  complex 
negative  ion* 

It  is  interesting  to  note  that  the  first  possibility  is  in 
accordance  with  the  results  obtained  by  Ball  (1),  and  that  the  fourth 
possibility  would  indirectly  lead  to  the  same  condition,  for  if  po- 
tassium goes  into  complex  ion  formation,  the  simple  potassium  ion 
fraction  is  subsequently  reduced,  and  the  simple  sodium  ion  fraction 
correspondingly  increased.     In  connection  with  the  second  possibility, 
Washburn  (4-)  has  found  that  the  sodium  ion  is  more  highly  hydrated  by 
over  fifty  per  cent  than  the  potassium  ion.    And  because  of  the  re- 
sulting more  spacious  and  unwieldly  character  of  the  sodium  ion,  which 
is  further  evidenced  by  its  much  lower  ion  conductance  and  transfer- 
ence number,  it  is  reasonable  to  believe  that  its  ion  mobility  would 
be  slowed  up  more  with  increasing  viscosity  than  the  potassium  ion 
mobility.    Attention  might  here  be  called  to  the  assumption  made  in 
calculating  theoretical  values,  that  the  ratio  of  the  equivalent 
cation  conductances  at  the  same  concentration  is  the  same  as  at  in- 
finite dilution.     In  the  light  of  the  above  reasoning  it  would  follow 
that  the  transference  of  sodium  should  be  relatively  decreased  even 
more  than  the  theoretical  values  thus  obtained  call  for,  and  that  in 
reality  there  is  a  greater  divergence  between  the  values  than  the 

curves  indicate. 

If  we  assume  the  formation  of  complexes  in  order  to  aocount 
for  the  results  obtained,  we  of  course  have  none  other  than  a  quali- 
tative indication  of  their  nature.     In  order  to  satisfy    the  results 
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obtained  both  in  Ball^s  work  (1)  and  in  this  investigation,  the  com- 
plex: formation  must  be  of  such  character  to  involve  an  excessive 
transference  of  sodium  and  a  diminution  of  the  simple  potassium  ion 
fraction,  both  of  which  become  more  pronounced  with  increase  of  con- 
centration.   Mention  was  made  in  the  third  possible  oause  given 
above  of  the  possibility  of  sodium  entering  in  superior  amounts  into 
positive  aggregates.    This  condition  might  be  satisfied  by  the  possi- 
ble interpolation  of  Na  CI  in  the  place  of  the  water  of  hydration  of 
the  potassium  ion.    But  as  a  greater  opportunity  is  afforded  for  the 
interpolation  of  KC1  in  the  more  highly  hydrated  sodium  ion,  and  as 
the  removal  of  free  Na  CI  would  out  down  the  sodium  ion  fraction 
rather  than  the  potassium  ion  fraction,  this  possibility  is  incon^ 
sistent. 

The  simplest  complex  formation  possible  is  Na  C1*K  CI,  which 
may  be  expressed  either  as  K  (NaClg),  or  Na  (K  Clg),  and  which  may 
ionize  (as  Kg  Pt  CI5)  to  give  either  free  potassium  ions,  or  free 
sodium  ions.     If  it  should  ionize  thus,- 

K  (Na  Cl2)  K*  +  Na  Cl£  , 

the  simple  sodium  ion  fraction  would  be  relatively  decreased  and  a 
"back  transference"  of  sodium  would  occur,  both  of  which  are  contrary 

to  results. 

But  if  it  should  ionize  thus,- 

Na  (E  Cl2)  Na+  +  K  Clj>  * 

the  sodium  ion  fraction  would  be  relatively  increased,  and  a  "back 
transf erenoe"  of  potassium  would  occur,  both  of  which  conditions 
would  give  an  additive  tendency  to  explain  the  results  obtained  in 
both  investigations,  and  which  satisfy  both    the  first  and  fourth 
possible  causes  given  at  the  beginning  of  the  discussion. 
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The  fact  that  the  experimental  curve  extrapolates  naturally 
to  the  same  infinite  dilution  value  as  obtained  "by  theory,  is  an  in- 
dication of  the  logical  coordination  and  reliability  of  the  data  ob~ 
tained.    This  extrapolation  can  be  explained  on  the  basis  of  complex 
ion  formation,  for  upon  approaching  infinite  dilution  such  formations 
are  afforded  greater  opportunity  to  dissociate  on  the  basis  of  the 
mass  law. 

It  is  interesting  to  note  the  similar  conclusions  of  S.  A. 
Braley  (6)  in  regard  to  an  investigation  of  mixed  solutions  of  Na  CI 
and  Sr  CI2  in  equilibrium  with  liquid  amalgams,  in  which  it  is  pointed 
out  that  the  formation  of  a  complex,  Na  (Sr  Cl-j) ,  ionizing  thus,- 

Na  (Sr  CI3)  Na+  +  Sr  CI  3  , 

would  be  in  accordance  with  his  results, 

F.  SUMMARY 

1*  This  investigation  has  shown  that  in  equivalent  mixtures 
of  Na  CI  and  K  CI  in  aqueous  solution,  a  relatively  higher  amount  of 
sodium  is  transferred  than  would  be  called  for  on  the  basis  of  calcu- 
lations from  conductance  of  simple  solutions  ,in  accordance  with  the 
isohydric  principle. 

2,  The  excess  above  theory  of  sodium  transferred  increases 
roughly  as  a  simple  funotion  of  the  salt  concentration. 

3.  The  results  are  in  harmony  with  T.  R.  Ball*s  (1)  results 
from  an  investigation  of  liquid    amalgam  -  mixed    solution  equilibria, 
in  which  he  finds  that  the  simple  sodium  ion  fraction  increases  with 
increase  of  total  salt  concentration. 

4-,  The  results  may  be  explained  on  the  basis  of  complex  ion 

formation,  the  simplest  form  of  which  to  give  a  satisfactory  explana- 
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ticn  may  be  expressed  thua,- 


Na  CI  +  K  CI        Na  (K  Cl2)  ^  Na+  +  K  Clg 


(  1  ) 
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